Individual interferon (IFN)-producing cells were identified by hybridization in situ followed by autoradiography. cDNAs corresponding to murine IFN-a and murine IFN-P labeled by nick-translation to high specific activity (24 x 10 dpm/,ug) with a-35S-labeled dATP were used as probes for hybridization with IFN mRNA in mouse C-243 cells induced with Newcastle disease virus. Control experiments with non-induced cells or with non-IFN-related labeled DNA monitored the specificity of the autoradiographic signal. Under optimal conditions of IFN induction, between 15% and 40% of the cells gave a hybridization signal with a mixture of IFN-a and -P probes. Differential hybridization with either the IFNa or -13 probe or a mixture of both, at three different time intervals after induction, revealed that only a small fraction of cells had detectable amounts of IFN-a mRNA, whereas in the majority of the positive cells IFN-(3 mRNA was present.
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Studies on the genetics and on the cellular origin of interferon (IFN) production have suffered from the limitation that the results represented average values obtained from cultures or from cell populations in vivo, because there was no method to identify and characterize individual IFN-producing cells at the same time. To be able to study IFN production at the single cell level is of obvious importance, because it can provide answers to several questions-for example, the number of IFN-producing cells in a given culture system or the nature and the number of IFN-producing cells in vivo as a function of the inducing agent. In the present study, we have used cDNA probes of murine IFN-a and -,B to develop a method for detecting the presence of specific mRNA by in situ hybridization. This method makes it possible to distinguish individual IFN-producing cells that can, at the same time, be stained for morphological identification.
MATERIALS AND METHODS
Labeling of cDNA Probes. The recombinant plasmids pMIF 1204 (carrying a partial cDNA for murine IFN-a2) and pM l3-3 (carrying the complete nucleotide sequence for murine IFN-f3) have been described (1, 2) . After digestion with Pst I, the plasmids were electrophoresed through 1% agarose slab gels and the inserts [820 base pairs (bp) for IFN-a and 680 bp for IFN-,B1 were recovered from the gel slices by electroelution and chromatography on DE-52 columns. The inserts were labeled to high specific activity (2-4 x 108 dpm/,ug) with a-35S-labeled dATP (>1000 Ci/mmol; 1 Ci = 37 GBq; New England Nuclear) in a nick-translation reaction essentially as described by Haase et al. (3) . Briefly, a 25-,ul reaction mixture contained 400 ng of DNA template/50 mM Tris-HCl, pH 7.4/10 mM MgCl/1 mM dithiothreitol/50
,ug of nuclease-free bovine serum albumin per ml (Bethesda Research Laboratories)/30 ,uM of each dCTP, dGTP, and dTTP/250 ,JCi of a-35S-labeled dATP/5 units of DNA polymerase 1/100 pg of DNase I. The mixture was incubated at 15TC for 2 or 4 hr and incorporation of labeled nucleotides was determined by trichloroacetic acid precipitation in the presence of carrier DNA. Because we found previously that 30%-40% of the labeled nucleotide incorporated after 2 hr with no further increase at 4 hr, we routinely stopped the nick-translation reactions after 2 hr. For control experiments, phage QX174 DNA digested by Hae III (Bethesda Research Laboratories) was labeled as described above. The major fragment sizes of the nick-translated cDNA probes ranged from 100 to 200 bp as determined by electrophoresis through an 8% polyacrylamide gel under denaturing conditions.
Induction of IFN. C-243 cells were seeded in 75-ml Falcon flasks at a density of 1.5 x 106 cells per flask in minimal essential medium supplemented with 10% newborn calf serum. Twenty-four hours later, sodium butyrate was added to 1 mM, and the cells were incubated for another 48 hr before induction (4, 5) . Medium was then removed and the cell monolayer was infected with Newcastle disease virus (NDV) (Kumarov strain) at an input multiplicity of 15-20 plaqueforming units (pfu) per cell. In preliminary experiments, we found that maximal and identical IFN production occurred at input multiplicities ranging from 3 to 20 pfu per cell. Further increasing the multiplicity resulted in decreased IFN production. Two hours later, the virus was removed, and the cells were washed with phosphate-buffered saline, and were incubated with prewarmed medium. For determination of cumulative IFN production, aliquots of medium were removed from the flasks at different time intervals. Supernatants were acidified to pH 2 to inactivate residual virus for at least 48 hr before titration. IFN assays were performed on mouse L cells as described (6) .
Preparation of Cells for in Situ Hybridization. After removal of medium, cells were washed with phosphate-buffered saline, detached from the plastic by vigorous shaking of the culture flask, and dispersed by repeated pipetting. They were then centrifuged for 10 min at 300 x g, resuspended in phosphate-buffered saline supplemented with 2% newborn calf serum, and adjusted to 2 x 105 cells per ml. Approximately 20,000 cells (100 ,u1) were deposited on a coated glass slide (3) by spinning in a cytocentrifuge (Shandon) at 500 rpm for 5 min. After air drying, the preparations were fixed for 20 min with ethanol/acetic acid (3:1). To increase diffusion of the probe through the cell membrane, the preparations were treated with 0.2 M HCI for 20 min, briefly washed in water, incubated at 70°C in 2x NaCl/Cit (lx NaCI/Cit = 0.15 M NaCI/0.015 M Na citrate), washed again, and digested for 15 min at 37°C with 1 ,ug of proteinase K per ml (Boehringer Mannheim) in 20 mM Tris HCl, pH 7.4/2 mM CaCl2 (prelim- inary experiments comparing concentrations from 0.5 to 5
,ug/ml of proteinase K had shown 1 ,ug/ml to be optimal). (3) . Unless stated otherwise, the cell preparations were hybridized with 3 ng of probe (-1 x 106 dpm) in 10 1.l of a solution consisting of deionized 50% formamide/0.6 M NaCl/10 mM Tris-HCl, pH 7.4/1 mM EDTA/ sonicated salmon sperm DNA (250 pg/ml)/yeast tRNA (1 mg/ml)/poly(A) (100 ,tg/ml)/1 x Denhardt's solution (7).
After heating to 950C for 2 min and chilling on ice, dithiothreitol was added to 10 mM. The solution was placed on the cells and covered with a siliconized glass coverslip, the edges of which were sealed with rubber cement. Hybridization was carried out in the dark at 220C for 72 hr. Coverslips were then removed, the slides were rinsed in a wash medium consisting of 50% formamide/10 mM Tris-HCI, pH 7.4/1 mM EDTA/0.6 M NaCl, and transferred for 1 hr to 2 x NaCl/Cit at 55°C. Finally, the slides were washed for 3 days (with stirring) in the wash medium and dehydrated through 70% and 95% ethanol containing 0.3 M ammonium acetate. For autoradiography, the slides were dipped into Kodak NTB-2 nuclear track emulsion that had been melted at 45°C and diluted 1:1 with 0.6 M ammonium acetate. The slides were then dried in an upright position and stored in a lightproof box at 4°C for 10-15 days. The Fig. 1 , giving the percentages of positive cells (i.e., those with at least 1.5x the number of grains found over non-induced cells). As expected, the number of cells giving a positive signal increases between 2 and 5 hr after induction, followed by a slight decrease at 8 hr.
Specificity of the Hybridization Signal. The specificity of hybridization was ascertained by the induced and non-induced cells with RNase prior to hybridization with the specific probes. The results of these controls are summarized in Table 1 . Hybridization of either induced or non-induced cells with control DNA resulted in <10 grains per cell after 13 days' exposure. After hybridization with IFN-a and -,8 cDNA probes, -10% of the non-induced cells occasionally had up to 25 grains, but no difference was observed between sodium butyrate-treated and untreated control cells. This may indicate the presence of low amounts of IFN mRNA in a small number of non-induced cells, because after treatment with RNase none of these cells had more than 10 grains. Occasionally, in NDV-induced cells treated with RNase and hybridized with the IFN-a and -f3 probes, we observed that -10% of the cells had >50 grains; however, without RNase treatment, -10% of the cells had >200 grains (Fig. 2) . When we hybridized induced cells with 10 ng of probe per slide, there was no increase in grain counts per cell (data not shown), indicating that hybridization with 3 ng of cDNA was already conducted under sufficient excess of probe.
As a further control, we examined whether treatment of the cell preparations to increase diffusion of the cDNA HCl, 2x NaCl/Cit at 70TC, and proteinase K at 3 Ag/ml, or with RNase as described above. All slides were then autoradiographed for 24 hr. As shown in Table 2 , no loss of RNA occurred in cells processed for hybridization when compared to untreated cells, because we found identical distribution of silver grains over cells from both preparations. After RNase treatment, however, autoradiographic signals decreased to background levels.
Differential Analysis of IFN-a and -13 mRNA Induction. Induced cells were hybridized with 3 ng of either IFN-a or IFN-pB probe or a mixture of both (3 ng of each). The results are summarized in Fig. 3 . It is evident that IFN-,B represents the major IFN mRNA species, present in 23% of the cells 5 hr after induction, whereas IFN-a mRNA was detected in only 7% of the induced cells at the same time. When a mixture of IFN-a and -p probes was used, 30% of the cells were found to be positive. As we observed a great heterogeneity in grain count among positive cells, we differentiated between (i) weakly positive cells with 30-50 grains per cell, (ii) positive cells with 50-100 grains per cell, and (iii) strongly positive cells with >100 grains. With increasing time after induction, the total number of positive cells increases and the strongly positive cells appear (Fig. 3) . Table 3 summarizes the results obtained from different slide preparations to give an indication of the variability found within and between experiments. Each percentage given was obtained from a different slide. IFN Production by Cloned C-243 Cells. Since in all hybridization experiments only some cells gave a positive signal with the IFN probes, it was important to investigate the possibility that only this fraction was capable of producing IFN. To this end, progeny of cloned individual cells were examined for IFN-producing capacity. A suspension of C-243 cells was diluted out into microtiter plates (Falcon plastics; 96 wells per plate) in 2-fold steps until a final dilution corresponding to 0.2 cells per well. The wells were then examined microscopically, and those containing a single cell were scored and subsequently followed up. Of the 56 wells scored for the presence of a single cell, 30 gave rise to a proliferating clone. The cells from each clone were subcultured and induced with NDV. Although there was some variation in IFN titers, the 30 clones were all capable of IFN production. This showed that the C-243 cells used for the hybridization experiments did not consist of a mixed population of producer and non-producer cells.
DISCUSSION
In the present study, we describe a method for detecting IEN mRNA by means of hybridization in situ. In situ hybridization has been described by Gall and Pardue (8) Table 2 , the number of cells positive for IFN-,/ is sometimes equal to the number positive for IFN-a and -p3 together, although in general a clear increase is observed when the two probes are used together, which would suggest that different cells make IFN-a and -P. On the other hand, the number of strongly positive cells increases when both probes are used together, suggesting that the same cell synthesizes both IFN-a and -3 (Fig. 3) . Evidently, we have not resolved this particular problem in the present experiments; a possible approach could be to hybridize the same preparation first with one probe, and after autoradiographic exposure, rehybridize with the second probe.
The lower percentage of positive cells with the IFN-a probe alone either indicates that some cells only make but not -a, or it may reflect the possibility that our IFN-a probe is only specific for a fraction of the IFN-a mRNAs induced. Currently, two different subtypes of murine IFN-a have been described: IFN-a1 and -a2, and our probe corresponds to a2 (1, 16) . There is -90% homology between the sequence of IFN-a1 and -a2. Thus, our cDNA probe will readily detect IFN-al and -a2 mRNA but will fail to detect putative IFN-a mRNA sequences exhibiting only a low degree of homology to IFN-a1 or -a2. This is, however, not very likely, because strong homology has been conserved during evolution between all members of the IFN-a gene family, even across the man-mouse species barrier (17) .
The interpretation of in situ hybridization results is limited by the fact that this method detects mRNA and not the protein itself. Although, in general, a good correlation exists between the amount of mRNA synthesized and the IFN secreted, there has been one report demonstrating the presence of untranslated human IFN-pB mRNA in induced Namalwa cells belonging to a particular clone (18) . This, however, is not necessarily a disadvantage of in situ hybridization, because this technique could also help to identify cells in which IFN mRNA is transcribed but not translated.
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